Introduction
Although surface plasmon resonance (SPR)-based biosensors are most commonly associated with protein interaction analysis in the life sciences and drug discovery, the technology is also well established in the food industry. SPR biosensors are used commercially to screen for drug residues and to quantify vitamins in food matrices. The main advantages of SPR-based detection over alternative analytical techniques such as microbiological assays (MBA) include ease of use, simpler and faster sample preparation and reduced assay time from days to minutes in some cases. SPR biosensors offer the clearest advantages in speed over alternative techniques that rely on biological readouts such as inhibition of microbial growth for detecting antibiotics.
In addition to a review of the practical aspects of SPR-based food analysis, quality control and safety aspects will be discussed in this chapter. These issues are often driven by regulations set by national authorities in addition to widespread consumer demand that the information on product packaging is a true indicator of the content. Several case studies will be covered such as the detection of growth-promoting hormone residues in meat, multi-analyte screening of veterinary drug residues in body fluids, antibiotic screening in honey and the detection of adulterants in dairy products. Together, these application areas illustrate the tremendous scope of SPR-based biosensors in food safety and quality control, fields with ever-increasing performance demands on throughput and data quality.
Why Analyze Food?
The packaging of most food products provides information about its contents, including additives such as preservatives or vitamins. In addition, a label may assure the consumer that the product has been tested and shown to be free of harmful or undesired substances, that the raw ingredients are from approved suppliers or that the crops or animals from which the product is derived were reared according to ethically accepted standards and that the production process was performed in compliance with safety and hygiene standards.
Many of these criteria are strictly regulated and demand rigorous adherence to internationally agreed standards. Failure to comply with these standards can have serious economic and even legal implications for manufacturers and it is clearly in their interest to be as confident as possible that their products are compliant or, if not, to have the opportunity to rectify the problem as early in the production process as possible.
Whatever the aim of the analysis, such as confirming the presence of beneficial vitamin supplements in baby food or detecting potentially harmful residues of growth-promoting hormones in meat, the technology used must provide that information rapidly, reliably and economically. Same-day results allow closer control of product quality and minimize the risk of costly product recalls. This chapter seeks to show how label-free analysis of food products and raw materials using the Biacore Q SPR-based biosensor satisfies these criteria.
Food Analysis Steps and SPR Assay Formats
Minimal sample preparation is one of the most striking advantages of SPR-based assays (Figure 11 .1). For example, using the Biacore Qflex Kit Sulfonamides simply requires homogenization and centrifugation of meat samples or dilution of honey or milk samples, whereas lengthy and potentially hazardous organic solvent or solid-phase extraction is required by alternative technologies such as ELISA, TLC or HPLC. The savings in cost and time for sample extraction, together with direct analysis, are a highly attractive option for busy routine screening laboratories.
Usually, only minimal sample preparation such as homogenization, extraction, centrifugation and filtration is required and accurate measurements may be made even in complex matrices. The risk of matrix effects -interference due to components other than the analyte itself in the sample or sample extractgiving false positives is minimized, since the contact time of a few minutes between sample and specific binding protein within the continuous flow system of the instrument favors high-affinity interactions over low-affinity matrix interactions. The longer contact times between proteins and sample in a typical Figure 11 .1 1. Prepare the sample -often a simple dilution or homogenization/ centrifugation step. 2. Prepare the assay using a Qflex Kit. A growing range of Qflex Kits is available for the analysis of many commercially important food additives and contaminants, including vitamins and veterinary drug residues. 3. Perform an assay on Biacore Q. Wizards guide the user through all steps from assay setup to analysis. 4. Analyze the results by interpolation results on a calibration curve. Biacore Q software automatically evaluates results and generates a report.
ELISA (approximately 1 h) significantly increase matrix effects, causing loss of sensitivity and an increased risk of false positives.
Typically, an active derivative of the analyte of interest is immobilized on the gold sensor surface of a chip. A fixed concentration of specific binding protein (often an antibody) is then mixed with the sample and injected over the sensor surface. The SPR response is inversely proportional to the concentration of the sample (Figure 11 .2), which may be estimated by interpolation of the response on a calibration curve. The sensor surface needs to be regenerated after each sample injection, ready for the next sample to be tested (Figure 11.3) .
Although the sensitivity, specificity and working range of assays are determined to a large extent by the affinity of the interacting partners, high immobilization levels are also desirable in concentration assays. This ensures that binding is highly mass transport limited and less dependent on affinity. Although SPR is an optical detection technique, measurements may be made on colored, opaque or even turbid solutions. When a sample or calibrant solution containing an interacting partner is injected over the prepared sensor surface, the response is recorded in real time as a sensorgram and is directly related to the concentration of the interacting partner in solution. In the analysis of food samples, the binding partner of interest may be a relatively small molecule such as a vitamin or an antibiotic. Since it is difficult to interpret accurately the small changes in SPR response elicited by interactions involving Figure 11 .2 Inhibition assays are used for measuring the concentration of low molecular weight target molecules in solution. Note that the ligand which is immobilized on the sensor surface is similar to the target molecule (analyte). An excess of the detecting molecule is added to the samples prior to injection. The remaining amount of free detecting molecule binds to the sensor and is measured. Inhibition assays are based on solution competition, in which the high molecular weight detecting molecules that remain in solution are free to bind to analyte or analyte analogue on the sensor surface. The SPR response is inversely related to the concentration of the target molecule in solution. More assay formats are described in Chapter 7 (see Figure 7 .2). small molecules, the assays performed on Biacore Q using Qflex Kits are based on inhibition or surface competition to alleviate the problem.
Interacting partners in solution with a mass below 5 kDa can be difficult to measure directly with high precision in SPR-based assays because they elicit only small changes in mass at the sensor surface. Inhibition assays are useful in such cases, in which a purified preparation of the interacting partner in the sample is immobilized on the sensor surface (Figure 11 .2). A high molecular weight detecting molecule that can bind to the interacting partner under analysis is then added in excess to the sample. At equilibrium, a proportion of detecting molecules remains in solution and is free to bind to the sensor surface. In inhibition assays, the binding response is inversely related to the analyte concentration.
Difficulties may be encountered in designing an inhibition assay if, for example, the interacting partner in the sample cannot easily be immobilized on the sensor surface. An alternative format in such cases is surface competition assay, in which the analyte is covalently conjugated to a larger molecule and then added to the free analyte solution prior to injection. This high molecular weight complex then competes with free analyte for binding sites on the interacting partner immobilized on the sensor surface ( Figure 11.4 ). The competing complex should be significantly larger than the analyte so that the SPR response is attributable almost entirely to the high molecular weight analogue.
The shelf-life of enzyme conjugates used in ELISA-based methods is typically 6-12 months and the production of consistent batches is difficult and time consuming. In contrast, prepared sensor surfaces are highly stable and the immobilization procedure is reproducible. The shelf-life of the surface, in fact, Figure 11 .3 The entire course of the interaction may be followed in a real-time trace (sensorgram), allowing the user to visualize association, final binding level and dissociation. Analysis is fully automated and the sensor surface may be regenerated after each sample injection, ready for the next sample to be tested.
is limited primarily by the chemical stability of the immobilized binding partner itself.
Regardless of assay format, regeneration of the sensor surface with a regeneration solution is normally required between sample cycles to remove interacting partners bound to the surface. The ideal regeneration solution will sufficiently remove all traces of bound material, but at the same time it must be sufficiently mild not to perturb irreversibly the biological activity of the immobilized partner.
Biacore Q and Qflex Kits -the Workhorse of Food Analysis
Biacore Q (Figure 11 .5) is a fully automated SPR-based instrument from Biacore AB (Uppsala, Sweden), designed for routine analysis. Samples and reagents are injected automatically to ensure reproducibility and reliability of results by elimination of the variability inherent in manual procedures. Biacore Q Control Software is wizard-based for immobilization and analysis and is optimized to allow flexibility in assay design in addition to routine testing.
Results from individual tests are clearly and automatically presented within a few minutes of the start of analysis. Methods under revision or routinely used may be protected by a password while changes are registered to comply with GLP/GMP for routine measurements.
To make the analysis process as simple and consistent as possible, an extensive range of Qflex Kits have been created for use with the Biacore Q system. An overview of the currently available kits, designed for quantifying or screening specific, commercially important food additives and contaminants, is given in Table 11 .1. Analyte levels in the low picomolar range can typically be measured, but the dynamic range must be empirically determined and is dependent on the experimental conditions and the molecular weights of the interaction partners.
Although Biacore Q includes a surface preparation unit that allows easy immobilization of small molecules on the sensor surface, several Qflex Kits are delivered with pre-immobilized sensor chips, further reducing manual preparation. It is easy to alternate between different Qflex Kits on the same system.
As indicated in Table 11 .1, Qflex Kits, containing stability-tested reagents, are available for the quantification of several vitamins and for screening veterinary drug residues such as growth promoters and antibiotics in animal products. In addition to the Qflex Kit range, the procedures leading to AOAC certification of Qflex Kit Folic Acid (a B group vitamin especially recommended during pregnancy) are described here.
Qflex Kits for Screening Veterinary Drug Residues
Sulfonamides are a family of broad-spectrum synthetic bacteriostatic antibiotics, which can be used against most Gram-positive and many Gram-negative organisms and protozoa. The resistance of animal pathogens to sulfonamides is widespread as a result of more than 50 years of therapeutic use, but despite this, they are still widely used in combination with other medication. Strict withdrawal periods must be observed before slaughter to prevent the entry of residues into the human food chain. The assays used to ensure compliance with EU and US regulations must be sufficiently sensitive to detect the maximum permitted residue level of 100 ppb in edible tissue. Immunoassays are frequently Figure 11 .5 Biacore Q, specially adapted to the demands of routine screening and detection in the food industry. The system can be used for different assays while wizard-based software controls all processes from immobilization to data interpretation. used as screening tests but they tend to detect only one or two compounds from the sulfonamide family and often give a positive result for the acetylated metabolites. In contrast, assays based on Biacore Q used together with Qflex Kit Sulfonamides are capable of detecting at least 20 compounds within the sulfonamide family and have the added advantage of not recognizing the acetylated metabolites. The sulfonamide-based antimicrobial compounds sulfadiazine and sulfamethazine are commonly incorporated into porcine feedstuffs for therapeutic and prophylactic reasons. As tissue extraction is a time-consuming process, a common strategy for the detection of residues of these antibiotics in slaughtered animals is the random screening of body fluids (typically bile, urine or serum) by ELISA as an indicator of their presence in edible tissue. An indication of violative tissue concentrations of sulfamethazine or sulfadiazine from the bile screen then requires confirmation by HPLC analysis of the suspected tissue. Qflex Kit Sulfamethazine and Qflex Kit Sulfadiazine, however, can be used to quantify these specific sulfonamide residues in both bile and tissues of slaughtered pigs.
Biacore Q in combination with Qflex Kit Sulfamethazine and Qflex Kit Sulfadiazine has been tested on-site at the kill line in a slaughterhouse to determine how the screens performed in the cold and humid conditions of a modern pig processing factory [1] . No adverse effects on any mechanical or electrical components were encountered either during the testing period or after the instrument was returned to the laboratory.
Bile samples were first screened as a predictor of sulfonamides in the corresponding animal tissue and positive samples were confirmed using HPLC. Samples were compared with values from a calibration series containing 5% guaranteed sulfonamide-free pig bile. It is important to construct calibration curves in the presence of bile, as this medium appears to be responsible for an appreciable matrix effect. False positive prediction rates were calculated and compared with a standard enzyme immunoassay (EIA). For sulfamethazine, false-positive rates were 0.14% for the Biacore Q assay and 1.54% for EIA and for sulfadiazine the rates were 0.34% and 1.44%, respectively. No falsenegative results were obtained using the Biacore method. EIA analysis, in contrast, delivered false-negative rates of 0.14 and 0.24% for sulfamethazine and sulfadiazine, respectively. Despite the complexity of bile as a matrix, direct analysis is possible using the Biacore Q assay without clean-up or extraction. The results are available within 3-4 min, permitting analysis in real time in the slaughterhouse and, importantly, before the meat can enter the human food chain.
Qflex Kit Sulfamethazine and Qflex Kit Sulfadiazine can be adapted to muscle extracts using a simple and low-cost mechanical extraction procedure involving homogenization and centrifugation. It is therefore possible to use these assays for both on-site screening and confirmation, thereby avoiding the need for HPLC. It has been demonstrated, however, that a small number of false positives were found using Biacore Q in a screening method [2] . Analysis of samples containing N 4 -acetyl metabolites always gives higher results than HPLC, due to the cross-reactivity of the antibodies, whereas HPLC only detects parent sulfonamides. This highlights the importance of using ''real'' incurred samples in evaluating assays as opposed to the simpler and more widely used technique of spiking blank samples. The validation data reported in this work were gathered from pigs that had been fed with sulfonamidesupplemented feed and then withdrawn for a specified time before slaughter and analysis. Streptomycin, in combination with penicillin, is the most commonly used antibiotic for the treatment of mastitis. It is also used for the treatment of bacterial honeybee diseases, such as European foulbrood, and to control fire blight, a devastating bacterial disease affecting fruit trees during blossom. Public health concerns persist, however, based on unlicensed use of the drugs and on lack of compliance with the withdrawal periods. Residues of antibiotics present a potential hazard to the consumer in terms of toxicity, allergic reaction and the development of bacterial resistance. Regulatory authorities have established permitted residue limits for streptomycin and dihydrostreptomycin in milk, porcine kidney and muscle. None have been set for honey. The permitted levels are based on extensive toxicological, pharmacological and microbiological data from clinical trials and specify a concentration of a drug residue that is considered safe (200 mg l -1 in milk, 1 mg kg À1 in kidney and 0.5 mg kg À1 in muscle). Biacore Q and Qflex Kit Streptomycin may be used to determine the concentration of residues of streptomycin and dihydrostreptomycin in a wide range of foodstuffs including whole milk, honey, porcine kidney and muscle.
Chloramphenicol is a broad-spectrum antibiotic with excellent pharmacokinetic properties. In humans, however, its use is often associated with the adverse development of aplastic anemia, a rare but serious blood disorder. For this reason, it is been banned from use in food-producing animals, including honeybees, in the EU, USA, Canada and many other countries. Chloramphenicol, however, is still widely available in developing countries and is in common use in animal production. Affected products include poultry, shrimps and honey. As a prohibited substance, zero tolerance applies. Methods of detection, therefore, require very low detection limits and with the introduction of increased testing, high sample throughput is also an important factor. Conventional methods of detection include MBA, immunoassays, chromatography and mass spectrometry. Some of these methods lack the necessary sensitivity whereas others require long sample preparation. A provisional limit of detection of 0.3 ppb has been proposed as a level that any applied method should be able to achieve, but many food companies have introduced their own limits, forcing the development of ultra-sensitive assays able to detect o0.1 ppb.
Qflex Kit Chloramphenicol can be used to screen for residues of chloramphenicol and chloramphenicol glucuronide in poultry muscle, honey, whole milk [3] and shellfish.
b-Agonists are used in human and veterinary medicine as bronchodilators and also as agents to induce relaxation of the uterus. At high doses (approximately 10 times the therapeutic dose), they are effective growth promoters in farm animals, increasing protein deposition and decreasing the fat mass. Although the economic benefits of this practice can be substantial, toxic residues of the drugs can remain in the meat. Several cases of acute food poisoning from the ingestion of contaminated meat containing the b-agonist clenbuterol have been reported. Consequently, b-agonists are banned from use in livestock production in many countries. Biacore Q and Qflex Kit b-Agonists can be used to screen for a wide range of b-agonist residues in liver samples from cattle, sheep and pigs. The assay has the advantage of using minimal organic solvent.
In the EU, although not in the USA, all b-agonists, including ractopamine, are prohibited from use in livestock production. For monitoring purposes, however, the US Food and Drug Administration (FDA) has established specific tolerance levels for residues of ractopamine hydrochloride in edible swine tissues of 0.05 ppm in muscle and 0.15 ppm in liver. In the EU, there is zero tolerance to the presence of ractopamine in food of animal origin. Immunoassays have been developed as screening tests for ractopamine. HPLC/mass spectrometry is used for confirmatory analysis, analyses which require significant sample preparation. In comparison, Qflex Kit Ractopamine exploits the specificity of a high-affinity ractopamine-binding protein, providing a rapid screening method where results are obtained in hours rather than days.
Some countries permit the use of certain antibiotics to treat diseased bee colonies, raising the possibility that antibiotic residues will contaminate the honey. Tylosin is a macrolide antibiotic that inhibits peptide growth in susceptible microorganisms. Its use in apiculture is permitted in the USA, but banned in the EU. Tylosin A is the predominant form but, at the low pH associated with honey, tylosin A is converted to tylosin B (desmycosin), which is also biologically active. The detection of both compounds in honey is essential to avoid the risk of underestimation. Traditional methods of analyzing tylosin include screening methods such as ELISA and confirmatory methods such as LC/MS/MS.
Qflex Kits for Quantifying Vitamin Content
Fortified foods with vitamins are subject to regulations from government bodies and consumer organizations to justify the labeling claims. Quality control procedures for the confirmation of vitamin levels are often rate limiting in the throughput of an entire processing facility. Assays that combine rapid analysis time with accurate results are therefore in demand. To reduce the overall assay time and increase throughput, in addition to simplifying assay preparation and reducing errors inherent in manual processes, Qflex Kits containing pre-immobilized sensor surfaces are available for quantifying the vitamin content of biotin, folic acid, vitamin B 2 , vitamin B 12 and pantothenic acid. Many of these kits are certified as Performance Tested Methods by the AOAC. Consistency between the quality-controlled chip surfaces ensures that data can be reliably compared, even in multi-center studies.
Biotin plays an important role in the metabolism of both humans and animals. As such, it is commonly added as a supplement to various health and nutritional foodstuffs such as cereals. Traditional methods of analyzing biotin include MBA, which require lengthy sample preparation and can take up to 2 days to obtain results. In SPR assays, food samples are prepared using simple extraction procedures, minimizing the pretreatment time. This indirect SPR inhibition assay exploits the high affinity of a biotin antibody to measure the biotin content in samples. Independent AOAC International (Association of Analytical Communities)-approved studies have demonstrated that analysis with Biacore Q and Qflex Kit Biotin correlates well with the ratified MBAs. Collaborative studies performed on a broad range of sample matrices have shown that the Biacore method also correlates well with other standard MBAs across a range of concentration values [4] .
Although MBA has long been the method of choice for the analysis of folic acid, a widespread food supplement and an especially important dietary requirement during pregnancy, it is now possible to quantify folic acid content in hours rather than days, using SPR. Samples are simply mixed with a fixed amount of folic acid antibodies and injected into the system. Vitamin B 2 (riboflavin) is routinely added to foods as a nutrient during processing and as a colorant in some cases. Traditional methods for the quantification of vitamin B 2 are MBA, HPLC and fluorimetry. Qflex Kit Vitamin B 2 PI assay (supplied with pre-immobilized chips) is designed as an indirect inhibition assay. Independent studies at the Nestle´Research Centre, Lausanne, Switzerland, have shown an excellent correlation between Qflex Kit Vitamin B 2 PI and a validated HPLC method across a range of matrices, detecting both fortified and non-fortified levels [5] .
Vitamin B 12 is routinely added as a supplement to a variety of processed foods such as infant formulas, breakfast cereals and nutritional products. Reliable quantification can be complicated by the low concentrations (nanogram quantities) normally present in typical samples and the presence of interfering compounds in sample matrices. Traditional methods of analyzing vitamin B 12 include MBA, which results in a typical sample turnover of 2-3 days.
Pantothenic acid (vitamin B 5 ) has multiple functions and is essential for normal growth and development in humans. It is routinely added to many types of fortified foods, including dairy and non-dairy infant formulas, breakfast cereals and pet food. Any analytical method must therefore be sufficiently robust to perform well in a wide diversity of matrices. The most widely used method to determine pantothenic acid levels is an MBA employing Lactobacillus plantarum. Qflex Kit Pantothenic Acid is an inhibition assay designed for use with Biacore Q.
AOAC Certification of Qflex Kits
AOAC International is the foremost independent body providing internationally recognized standards of testing, with over 120 years of experience in method testing and validation and the expertise of more than 2700 members worldwide. Certification of an analysis requires documented evidence of the quality of several assay parameters and provides assurance that an independent third party has tested the assay and found that the product fulfills all performance claims. Qflex Kit Folic Acid, for example, received AOAC approval after rigorous performance trials carried out in independent laboratories [4] . A summary of the procedures leading to certification and the results is presented below.
In the certification procedures, various assay parameters were determined: specificity, accuracy, repeatability, reproducibility, precision, recovery, limit of detection (LOD) and limit of quantification (LOQ). To ascertain the specificity of the assay, cross-reactivity of the monoclonal antibody to folic acid provided in the kits was tested with a target analyte, 5-methyltetrahydrofolic acid (5MTHF) and a related vitamer, tetrahydrofolic acid (THF). The crossreactivities, calculated from inhibition curves, were 100% for 5MTHF and 4% for THF. To determine the accuracy of the assay, four accredited laboratories measured folic acid concentration in five types of sample (milk powder, milk-based infant formula, soya-based infant formula, cereal and premix) using a microbiological technique and Qflex Kit Folic Acid. The results from the two assays did not differ significantly.
Repeatability and reproducibility were tested by 10 operators in four laboratories in a total of 22 samples of cereals, milk powder, premix, milk-based infant formula and soya-based infant formula. Repeatability (the variation in the results within a laboratory, obtained by the same operator) was between 0.6 and 3.6% and reproducibility (the variation in results from different laboratories and operators) was between 5.0 and 9.9%. The intra-and inter-kit precisions of folic acid concentrations were measured in soya-based infant formula. The results showed not only that variation between kit batches was insignificant but also that variation was low even when calibration solutions were prepared on different occasions.
Three operators analyzed milk powder, milk-based infant formula, soya-based infant formula and cereal samples on different occasions and recorded recovery efficiencies of between 87 and 95%. The LOD for folic acid was below 1 ng ml -1 and the LOQ was between 2.0 and 70 ng ml
À1
. Analysis of a sample spiked with folic acid at 2.0 ng ml À1 gave a concentration within 4% of the expected concentration (CV 2.7%, n ¼ 4) and analysis of a 70 ng ml À1 sample gave a concentration within 4.5% of the expected concentration (CV 3.3%, n ¼ 4).
Examples of Applications for SPR-based
Biosensors in Food Analysis
Quantifying Antibiotics in Honey
Although antibiotics or their residues are generally not permitted in honey, some may be used in the control of bee diseases, provided that they are employed at the right time, using the right method and correct dosage.
Early in 2002, all honey imports from China to the EU were temporarily stopped after the discovery in some samples of unacceptably high levels of the antibiotic chloramphenicol. Chloramphenicol has been banned from use in apiculture in the EU, North America and many other countries. A Minimum Required Performance Limit of 0.3 mg kg -1 has been established for chloramphenicol assays but many food companies have introduced their own limits, forcing the development of ultrasensitive assays able to detect levels below 0.1 mg kg -1 . Conventional methods of chloramphenicol detection include MBA, immunoassays, chromatography and mass spectrometry. Sensitivity is not the only important factor in determining the suitability of a method; in addition, sample preparation must be quick and easy with a rapid sample turnover to cope with the ever-pressing testing schedule. The Qflex Kit portfolio (Table 11 .1) includes tests for the presence of several antibiotics used in the honey industry. Although optimized for honey, the assays may also be applicable to other bee products such as royal jelly in addition to other food matrices such as muscle and kidney.
Streptomycin residues are not permitted in European apiculture, but the antibiotic is permitted in the USA for the treatment of American foulbrood, a serious bacterial disease of honeybees. Withdrawal of its use must take place at least 4 weeks before the main honey flow. HPLC with post-column derivatization and fluorescence detection is one possible analytical method for screening but requires elaborate sample preparation. Enzyme immunoassays are also available although these tests have a tendency to generate large amounts of false-positive results due to cross-reactivity. LC/MS/MS with a sample preparation that involves an SPE step and concentration before being applied to LC is used for confirmation. Qflex Kit Streptomycin is a rapid and simple screening alternative for streptomycin, requiring little more than pH adjustment of the sample.
Sulfathiazole is the only sulfonamide permitted for the treatment of European foulbrood in the USA, but no sulfonamides are permitted in the EU. Again, LC with different detection modes may be used for confirmation. Sample preparation for LC/MS/MS and LC/fluorescence-based detection can be tedious, involving hydrolysis (to counter the effects of the formation of glucose adducts, giving erroneously low results), pH adjustment, liquid-liquid extraction, evaporation, SPE and concentration before injection. Further, the majority of biological assays for sulfonamides in honey tend to have very limited cross-reactivity within the sulfonamide family, do not reach the required sensitivity for honey analysis or tend to cross-react with N-acetyl metabolites. Qflex Kit Sulfonamides is a rapid method for the detection of more than 20 sulfonamides in honey. There is good sample recovery (approximately 95%) from both real and spiked samples and analysis is rapid, with a sample injection time of 90 s.
Screening for Veterinary Drug Residues
In animal production, the outbreak of disease or sub-optimal growth of livestock can lead to considerable economic losses. Veterinary drugs, therefore, are often administered under prescription to food-producing animals for the prevention, control and treatment of disease. Product licenses for all veterinary drugs state a withdrawal time that must be observed by producers before treated animals can be sent for slaughter. In recent years, a number of highly publicized instances drew attention to violations of the stated withdrawal periods, unlicensed use or deliberate abuse of the drugs, all leading to a fall in consumer confidence.
Although the use of hormone preparations such as the b-agonist clenbuterol to enhance animal growth is forbidden in the EU, isolated cases of malpractice have come to the attention of regulatory authorities. Johansson and Hellena¨s together with the Swedish National Food Administration (NFA) have developed rapid SPR-based assays for detecting clenbuterol in urine and hair samples [6, 7] . As a complement to controls in slaughterhouses, controls are also made during animal husbandry so that violations can be detected as early as possible. Although convenient to sample, trace quantities of clenbuterol in urine can only be detected up to 1 week after exposure to the drug. On the other hand, residues can be detected in hair samples several months after exposure. The test for clenbuterol and related compounds is based on an inhibition assay in which clenbuterol is first immobilized on a sensor surface over which specific antibodies are injected after incubation with test material.
In order to cope with the demand for high throughput testing, industry is increasingly calling for tests that can screen for families of veterinary drugs rather than testing for each individual member of these groups. Qflex Kits for screening families of veterinary drug residues in foodstuffs have been developed to address this demand for generic testing. Qflex Kit Sulfonamides, for example, contains the reagents necessary to detect at least 19 members of the sulfonamide family of drugs in porcine muscle, including sulfamethazine, sulfadiazine, sulfathiazole and sulfaquinoxaline, all in one analysis cycle. A major advantage of this assay is that there is no cross-reactivity with inactive N-acetyl metabolites, thus reducing the probability of false-positive results. Samples giving values above the maximum residue level (MRL) can then be further analyzed by confirmatory methods where the specific sulfonamide present can be identified and quantified.
Milk Testing
Penicillins and cephalosporins, members of the b-lactam family of antibiotics, are the most frequently used group of antibiotics for the treatment of bacterial infections, e.g. mastitis (inflammation of the udder) in dairy cows. Consequently, they are also the most frequently occurring type of drug residues in milk. The most commonly used methods for the detection of b-lactams in milk are based on inhibition of microbial growth. These tests are inexpensive, but they are very time consuming, requiring days to complete an analysis. In recent decades there has been an increase in the number of rapid receptor-and antibody-based tests, for example, the enzyme-based Penzym test from UCB Bioproducts and the Charm II test from Charm Sciences, based on the use of whole bacterial cells in combination with labeled tracer. Simpler receptorbinding assays have also been developed, such as the SNAP test from IDEXX Laboratories, the b-STAR test from UCB Bioproducts and the Charm Safe Level test from Charm Sciences. Rapid immunoassays are also available, such as the Parallux test from IDEXX Laboratories. These tests offer high sensitivity and specificity, but they are difficult to automate and are therefore limited in their capacity for increased sample throughput.
An assay for the detection of b-lactam residues in milk has been developed in Biacore Q. Most Biacore assays for the detection of drug residues in various foods use antibodies as the detection molecule but in work by Gustavsson et al., a broad spectrum b-lactam receptor protein was used instead [8] . The advantage of using such a receptor protein instead of antibodies is that a generic assay can be designed, i.e. the whole group of b-lactams can be detected. This type of assay makes it possible to detect the active form of the b-lactam ring structure, an important consideration, as the legislated residue limits only cover the active form. Three assays were developed, all based on the same receptor protein, a carboxypeptidase. The b-lactam ring structure is easily hydrolyzed, resulting in inactivation of the substance. This, together with the very strong interaction between b-lactams and the receptor protein, made it necessary to use an assay different in design from most previous assays in which antibodies are mixed with the sample and injected over the sensor surface containing immobilized antibiotics. The formats of the b-lactam assays based on the enzymatic activity were similar, but differed in some important aspects. The b-lactam receptor protein carboxypeptidase hydrolyzes a tripeptide into a dipeptide, but this reaction is inhibited in the presence of b-lactams. Milk sample is mixed with the receptor protein and the tripeptide and the enzymatic reaction is allowed to proceed. Antibodies directed against the dipeptide (two-peptide assay) or tripeptide (three-peptide assay) are then added and the sample is injected over the sensor surface to which the respective di-or tripeptide is immobilized. The excess unbound antibody is free to bind to the surface.
SPR results of milk samples from different producers were in good agreement with those from a number of commercially available screening tests commonly used for milk analysis and also with an HPLC method. The SPR assays based on the enzymatic activity of the b-lactam receptor are highly precise and are sufficiently sensitive to detect several b-lactams at or near their respective MRLs set in European legislation. These assays are thus viable alternatives for automated screening of b-lactam antibiotics in milk.
The compositional standards for most milk products require that they contain no other proteins than milk proteins, unless declared. The low price of some non-milk proteins makes them attractive as potential adulterants in dairy products. Soya protein is probably the most commonly used non-milk protein in milk substitutes such as simulated yogurts, coffee whiteners and frozen desserts and it is likely to be a potential adulterant.
A multiplex biosensor immunoassay was developed by Haasnoot et al. [9] for the simultaneous detection of soya, pea and soluble wheat proteins (SWP) in milk powder by using polyclonal antibodies raised against these plant proteins as the immobilized binding partner [9] . The specificity of the assay was confirmed by analyzing proteins extracted from other food products. Both anti-soya and anti-pea antibodies partially cross-reacted with extracts from sources other than those to which the polyclonal antibodies were originally raised, showing that the assay could be used for tracing a broad range of non-milk proteins.
Supplementing bovine milk with cheaper milk from other species is financially attractive. Within the EU, however, it is mandatory for producers to state the type of milk used for manufacturing dairy products as this may be important information for allergic individuals. Methods used to detect adulteration must be rapid and have an LOD of o1%.
In an assay developed for bovine milk proteins, two monoclonal antibodies (Mabs) to bovine b-casein were used as immobilized binding partners [10] . After confirming the specificity of the assay by testing bovine milk protein solutions of k-casein, b-casein, g-casein, a-casein and whey proteins such as a-lactalbumin and b-lactoglobulin, high responses were obtained for bovine milk whereas responses for ewes' and goats' milk were much lower. From the milk species tested, therefore, the two Mabs were sufficiently specific for cows' milk to enable adulterated milk to be detected. An inhibition assay was also developed in which k-casein is immobilized on the sensor surface and the binding response is measured after incubation of milk samples with Mabs to bovine k-casein. Different combinations were tested, aiming for a fast assay with 50% inhibition at around 0.5% cows' milk in the milk of ewes and goats.
Both assay formats performed well, giving o0.1% LODs and run times of around 5 min. Although the direct assay is characterized by its simplicity (single reagent format), the use of small amounts of antibodies and a broad calibration curve (0.1-10% cows' milk), the inhibition assay has other advantages due to the possible application of non-purified Mabs, the higher responses, the higher sensitivity at relevant low percentages of cows' milk and superior robustness (4800 cycles per chip).
''Bioactive minor proteins'' such as IgG, folic acid binding protein and lactoferrin are becoming valued for their beneficial effects as additives to foods such as infant formula. Direct biosensor-based immunoassays have been developed by Indyk et al., in which approximately 60 samples can be analyzed within 12-18 h, with each cycle completed in 8-15 min [11] . Briefly, sensor surfaces are prepared with anti-bovine IgG, folic acid derivative or anti-bovine lactoferrin and analytes are prepared for analysis by simple dilution. The specificity of immobilized ligands is evaluated by measuring cross-reactivity against individual casein and whey proteins at levels expected in milk. In comparison with alternative techniques (LC, ELISA, RID) for the analysis of milk products, the mean determined protein levels are consistent with ranges reported in the literature from assays employing alternative techniques. The minimal requirement for sample manipulation reduces the risk of recovery losses commonly associated with procedures such as filtration and centrifugation.
Detecting Antibodies to Salmonella in Meat
Salmonella is a major cause of food-borne bacterial infections with a significant proportion of these cases associated with the consumption of pork. There are several stages during which the meat can become contaminated, e.g. infections may arise at the farm, during transport and in the slaughterhouse. It is important, therefore, to be able to monitor the whole production process. Serological assays are currently the most commonly used methods and, although time consuming, they provide useful information indicating the prevalence of Salmonella on individual farms. Evidence indicates that these ubiquitous monitoring steps can help reduce the frequency of human Salmonella infections.
A more rapid SPR-based assay has been developed to detect antibodies against Salmonella in pig sera in a busy routine setting [12] . The assay is based on the immobilization of antigenic bacteria-derived lipopolysaccharides (LPS) on a sensor surface (the Salmonella serotypes are defined according to the sugars present on the LPS). The assay was compared with a commercially available ELISA-based Salmonella assay.
The results of the assays were very similar. Large differences in the prevalence of Salmonella antibodies at different farms were noted, with some farms having positive sera in almost all deliveries while others had only negative sera in all deliveries. These results indicate that provided enough sera are taken, it is feasible to screen pig herds for Salmonella antibodies using an SPR-based biosensor assay. Where a quick result is needed, for instance when a pig herd is suspected of infection with a notifiable disease such as classical swine fever or foot and mouth disease, SPR-based testing can provide an answer within a few minutes and control measures can be implemented promptly.
Genetically Modified Organisms
In the wake of an investigation in 2003 into the content of food products, the Swedish National Food Administration (NFA) found gene-modified organisms (GMOs) in several foods that were not declared as such. GMOs were found in 14% of food products containing soya or corn. Although labeling demands are generally being observed, trace amounts of GMOs are finding their way into final products. In addition, both the source and means of introduction of GMOs into the manufacturing process remain to be conclusively identified. Gene-modified crops are known to be able to spread in nature and, in addition, raw ingredients must pass through many environments from cultivation to the outlets, including growers, mills, lorries, silos and deliverers, all of which present a potential point of entry for GMOs into the manufacturing process of an ostensibly GMO-free food product. Sensitive assays have been developed by Feriotto and colleagues to address this issue [13, 14] based on DNA hybridization.
In a protocol described by Feriotto et al., hybridization was monitored by immobilizing PCR products generated using DNA isolated from normal or transgenic soyabeans on a sensor surface. Oligonucleotides or PCR-generated probes from suspected sources were then injected over the prepared surface. PCR-generated probes are far more efficient than oligonucleotides in detecting GMOs, allowing the detection of trace quantities. Their results indicate that the need for automated detection systems for GMO screening in food makes SPR-based biosensors strong candidates for routine procedures.
Conclusions
Although the screening and quantification assays using Biacore Q and Qflex Kits or custom-built assays in this chapter cover a wide range of additives to and contaminants of food products, they are all characterized by a set of common advantages. SPR assays are highly automated, they are easily controlled and evaluated via software, no fluorescent or radioactive labels are required and the samples seldom require clean-up or solvent extraction. In addition, the availability of kits providing pre-immobilized sensor surfaces further reduces the manual input required by the user and provides a standardized sensor surface. Lastly, the possibility to easily regenerate and reuse sensor surfaces with no significant loss in assay performance is a major attraction in the quest for an assay that delivers consistent data over several hundred runs, permitting valid comparative studies between geographically disparate locations or at different times.
Together with the inherent robustness of the technology and the proven resistance of Biacore Q to stressful industrial environments, these features add to the efficiency and productivity of screening and quantification. For example, the ability to identify the presence of veterinary drug residues in animal carcasses on the slaughterhouse floor means that steps can be taken to address the problem immediately, before the meat has left the factory. Import controls are a further area in which a short screen-to-result time can allow regulators to act on imported food containing banned substances before it has become widely distributed throughout the recipient country.
There remains scope for the development and application of an instrument that can handle more samples simultaneously in order to control food safety hazards within the production chain. To this end, a multi-channel, high-throughput biosensor prototype instrument was recently developed at Biacore [15] and is designed to be used in conjunction with a commercially available automatic sample pipetting station in both laboratory and abattoir environments. A number of differences exist between this instrument and its predecessors. The most important of these changes is the prototype autosampler design which allows eight samples to be collected and analyzed simultaneously. The application wizard permits automatic result evaluation. The analysis time for one full 96-well microtitre plate for the sulfonamide assay was approximately 50 min as opposed to 9 h on a conventional instrument.
